Objective: Adenomyosis is a clinical disorder defined by the presence of endometrial glands and stroma within the myometrium, the pathogenesis of which is poorly understood. We postulate that dysregulation of genes and pathways in eutopic endometrium may predispose to ectopic implantation. No study, to our knowledge, has examined the global transcriptome of isolated eutopic endometrium from women with clinically significant adenomyosis. Design: Laboratory-based study with full institutional review board approval and consents. Material and Methods: Endometrial sampling was performed on hysterectomy specimens (proliferative phase) from symptomatic women with pathologically confirmed diffuse adenomyosis (n ¼ 3). Controls (n ¼ 5) were normo-ovulatory patients without adenomyosis. All patients were free from leiomyoma, endometriosis, and hormonal exposures. Isolated purified total RNA was subjected to microarray analysis using the Gene 1.0 ST Affymetrix platform. Data were analyzed with GeneSpring and Ingenuity Pathway analysis. Validation of several genes was undertaken by quantitative real-time reverse transcriptase polymerase chain reaction. Results: Comparison of transcriptomes of proliferative endometrium from women with and without adenomyosis revealed 140 upregulated and 884 downregulated genes in samples from women with adenomyosis compared to controls. Highly differentially expressed genes include those involved in regulation of apoptosis, steroid hormone responsiveness, and proteins involved in extracellular matrix remodeling as well as microRNAs of unknown significance. Affected canonical pathways included eukaryotic initiation factor 2 signaling, oxidative phosphorylation, mitochondrial dysfunction, estrogen receptor signaling, and mammalian target of rapamycin signaling. Conclusion: The eutopic endometrium in patients with adenomyosis has fundamental abnormalities that may predispose to invasion and survival beyond the myometrial interface.
Introduction
Adenomyosis is a common and clinically significant condition causing abnormal uterine bleeding, dysmenorrhea, and pelvic pain. 1, 2 The disease is defined by the histologic presence of endometrial glands and stroma within the uterine musculature, with associated hypertrophy and hyperplasia of adjacent myometrium. 3 The pathogenesis of the disorder is not well understood, and the condition is often refractory to medical therapy, sometimes necessitating hysterectomy for complete alleviation of symptoms. The implication of adenomyosis to fertility is contested but may impair implantation. 1, 4 Previous data from several investigators have established that eutopic endometrium is abnormal in patients with endometriosis, another complex and multifactorial condition characterized by ectopic implants of endometrial glands and stroma. 5, 6 As there is often histologic continuity between the basal and the ectopic endometrium in adenomyosis, it is reasonable to postulate the existence of intrinsic abnormalities in the eutopic endometrium of patients with adenomyosis. Indeed, previous immunohistochemical and selected gene expression analyses indicate endometrial abnormalities in the pathophysiology of adenomyosis, including proliferation, apoptosis, angiogenesis, steroid responsiveness, and oxidative damage. [7] [8] [9] [10] [11] [12] To date, most investigations of eutopic endometrium from women with adenomyosis have focused on expression of single gene or a limited number of genes. [13] [14] [15] One study examined the global transcriptome of extracted uterine tissue in women with adenomyosis, although the patients with adenomyosis had coexisting uterine fibroids which can also affect endometrial gene expression, 16 and it was not clear whether the extracted RNA was derived from isolated ectopic endometrium or combination of adenomyosis tissue with adjacent myometrium. 14 Despite these methodological limitations, endometrial gene expression and pathway analyses clustered together by principal component analysis (PCA) in comparison with normal controls without uterine pathology. 14 Interestingly, of the top 9 pathways dysregulated, the most significant was impairment of apoptosis. 14 We hypothesized that eutopic endometrium in women with adenomyosis is abnormal and exhibits dysregulation of pathways that globally predispose toward the development, migration, and survival of ectopic endometrial implants beyond the myometrial interface. In the current study, we undertook the first global transcriptomic analysis of eutopic endometrium in women undergoing surgical treatment with histologically demonstrated adenomyosis and no other uterine or pelvic pathologies, compared to controls without adenomyosis or any uterine or pelvic pathologies. Through global gene expression profiling, we sought to identify pathways and candidate genes implicated in the pathogenesis of this complex, clinically significant, but poorly understood disorder.
Materials and Methods

Sample Collection and Processing
Endometrial tissue biopsies were obtained from 8 reproductiveage women. Three patients had pathologically confirmed diffuse adenomyosis on hysterectomy performed during the proliferative phase. Participating patients were 37 to 41 years old (mean 39.6 + 1.3). Controls were 5 normo-ovulatory premenopausal patients 31-40 years old (mean 36.6 + 1.6) undergoing endometrial biopsy for nonmalignant surgical indication in proliferative phase of the menstrual cycle (Table 1 ). There was no significant difference in the age of patients in the adenomyosis group compared to the control group (P ¼ .2). Neither cohort had the evidence of endometriosis or fibroids at the time of surgery. All participants were documented not to be pregnant and did not receive hormonal therapies or gonadotropin-releasing hormone agonist (GnRHa) suppression for at least 3 months before tissue sampling.
Endometrial samples were collected using a Pipelle catheter (Cooper Surgical, Trumbull, Connecticut) or curetting the endometrial functionalis layer from hysterectomy specimens. Tissues were immediately flash frozen in liquid nitrogen. Portions of the tissues were saved in 10% formalin and were examined by up to 4 independent pathologists for dating of cycle phase, according to histological gold standard. 17 The University of California, San Francisco, Committee on Human Research approved the study. Written informed consent was obtained from patients. Samples were also obtained through the University of California, San Francisco, National Institutes of Health Human Endometrial Tissue and DNA bank Hybridization was performed with Human Gene 1.0 ST arrays (Affymetrix Inc, Santa Clara, California). Total RNA of 100 ng from each sample were reverse transcribed to complementary DNA (cDNA) followed by overnight in vitro transcription to generate complementary RNA. The latter was reverse transcribed, and the 5.5 mg of sense cDNA were fragmented and labeled. The quality of cDNA and fragmented cDNA was assessed in the Bioanalyzer 2100 (Agilent Technologies). Microarrays were hybridized, washed, and scanned at the Gladstone Genomics Core Facility, according to the protocol described in whole transcript sense target labeling assay manual from Affymetrix (version 4; FS450_0007). Raw data files have been uploaded to the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database under accession number GSE78851.
Microarray Gene Expression Data Analysis and Statistical Analysis
To minimize technical (nonbiological) variability among arrays, densitometry values between arrays were normalized using the robust multichip average function and further transformed to the logarithmic scale (log 2). Probes with a known GenBank accession ID correspondence were selected for functional analysis. Statistically significant differences between groups were determined using statistical analysis of microarrays using Genespring (version 12.1), applying 1-way analysis of variance (ANOVA) with Tukey post hoc test and Benjamini-Hochberg multiple testing correction for false discovery rate. Fold change (FC) !2.0-FCand P < .05 were accepted. Functional annotations were carried out using the ingenuity pathway analysis (IPA; Ingenuity Systems, Redwood City, California), in which gene symbols and FCs of the up-and downregulated genes were imported.
Principal Component and Heirarchical Clustering Analysis
Principal component analysis of the expression profiles distributes samples into the 3-dimensional space based on variance in gene expression. Samples clustering together indicate similar gene expression profiles. Hierarchical clustering is an unsupervised way of grouping samples based only on their gene expression similarities. 18 We conducted hierarchical cluster analysis of differentially expressed genes from all samples in the combined gene list using the smooth correlation for the distance measure algorithm (GeneSpring 12.1) to identify samples with similar patterns of gene expression. The output data are also displayed graphically as a dendrogram of adenomyosis versus control samples. The complete .cel data files were uploaded to the NCBI GEO database and are also available on request.
Microarray Validation by Real-Time Polymerase Chain Reaction
Several genes were selected for validation by quantitative realtime reverse transcriptase polymerase chain reaction (QRT-PCR) using the same tissue sample set. Briefly, 1 mg of RNA was converted to cDNA using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, California). The real-time RT-PCR reaction was carried out for 40 cycles using the primers listed in Table 2 . Each sample was run in duplicate, and the relative expression of the target genes was normalized with ribosomal protein (RP) L19 as the internal reference. Differences in the expression levels between samples were analyzed using 1-way ANOVA. P .05 was considered statistically significant.
Results
Principal Component Analysis and Hierarchical Clustering Analysis
To comprehensively assess potential differences in gene expression in eutopic endometrium from women with and without adenomyosis, we performed comparative microarray analysis between these 2 groups. By PCA, samples of normal eutopic endometrium clustered together, whereas samples from patients with adenomyosis segregated distinctly separate from controls ( Figure 1 ). The microarray gene expression profiles of the 8 samples of endometrium from women with and without SNORD116-5  ACATTCCTTGGAAAGCTGAACA  CCTCAGTTTGACGAGGATGAC  MMP7  TGTATGGGGAACTGCTGACA  ATGAGCCAGCGTGTTTCC  LOX  TTTCTTACCCAGCCGACCAA  TCAAGCAGGTCATAGTGGCTAA  VCAN  GGTGCCTCTGCCTTCCAA  TTGTGCCAGCCATAGTCACA  VIM  CCTGTGAAGTGGATGCCCTTA  CAACGGCAAAGTTCTCTTCCA  DIO2  AGCTTCCTCCTCGATGCCTA  GAGACATGCACCACACTGGAA  RPL19 CCTGTGACGGTCCATTCCC GCGCAAAATCCTCATTCTCC Abbreviations: DIO2, thyroxine deiodinase 2; LOX, lysyl oxidase; MMP7, matrix metalloproteinase 7; RPL19, ribosomal protein L19; RT-PCR, reverse transcriptase polymerase chain reaction; SNORD, small nucleolar RNA C/D box; VCAN, versican; VIM, vimentin.
adenomyosis were also subjected to unsupervised hierarchical clustering analysis based on differentially expressed genes. We observed segregation of samples into 2 major branches, and, as by PCA, samples self-segregated into the groups based on disease state, demonstrating that at the global transcriptome level, eutopic endometrium from women with diffuse adenomyosis is molecularly distinct from control endometrium. Figure 2 shows a heatmap of relative expression levels of genes in the endometrial samples of women with and without adenomyosis.
Gene expression and IPA Pathway Analysis
Comparison of transcriptomes of the proliferative endometrium from women with and without adenomyosis revealed 140 upregulated and 884 downregulated genes (P < .05) >2-fold in adenomyosis compared to disease-free samples (Table 3) , indicating the overall state of gene deregulation of the tissue. The most highly upregulated genes were small nucleolar RNA C/D box (SNORD) genes, which were increased by 2-to 15-fold ( Table 3 ). The SNORDs are small RNA molecules that regulate modifications of other RNAs, such as ribosomal RNAs, transfer RNAs, and small nuclear RNA and can guide methylation. 19 Several microRNA (miRNA) transcripts were also upregulated, including miR-9 -1, -139, -149, -197, -326, and -339, whereas none of miRNAs were downregulated.
Gene symbols with FCs in dysregulated genes were imported into IPA. The IPA identified several regulated canonical pathways and grouped dysregulated genes into networks.
Only networks with the highest score were selected for the analysis. It is worth mentioning that several molecules can participate in different pathways and networks simultaneously.
The major canonical pathways (Table 4 ) included eukaryotic initiation factor 2 signaling (ratio 33 of 181 [0.182; number of regulated genes/total number of genes in the pathway; P > .05 is significant]); oxidative phosphorylation (ratio 21 of 105 [0.2]); mitochondrial dysfunction (ratio 24 of 165 [0.145]); estrogen receptor (ER) signaling (ration 20 of 133 [0.15]); and mammalian target of rapamycin (mTOR) signaling (ratio 23 of 189 [0.122]).
The major networks (Table 5) included connective tissue disorders, developmental disorder, and neurological disease; embryonic development, organismal development, and tissue development; cellular movement, cancer, cell-to-cell signaling, and interaction; and cell death and survival, cancer, cellular movement, tissue morphology, organismal functions. The scores and number of molecules involved are presented in Table 5 .
Validation of Microarray Results by Quantitative Real-Time PCR
For validation by QRT-PCR, we tested the most highly up-and downregulated genes in the microarray data analysis. These genes had an FC of 2.0 or higher by comparison of endometrial gene expression from women with versus without adenomyosis. The QRT-RT-PCR validated versican (VCAN), lysyl oxidase (LOX), matrix metalloproteinase (MMP) 7 (MMP7), and thyroxine deiodinase 2 genes ( Figure 3 ). The SNORD116-5 gene expression did not reach statistical significance upon validation.
Discussion
Endometrial infiltration into the myometrium eliciting an inflammatory and proliferative response is a hallmark of adenomyosis. The pathobiology of the endometrium in the setting of an inflammatory milieu in the adjacent myometrium in this disorder is poorly understood. This is the first study to evaluate global gene expression in women with diffuse adenomyosis and no other uterine or pelvic pathology, compared to healthy, fertile, and normal controls. The results of the current study suggest a global disturbance of the endometrium involving extracellular matrix (ECM), proliferation, apoptosis, and steroid hormone signaling.
Steroid Responsiveness
Estrogen receptor signaling is one of the top canonical pathways dysregulated in our study (Table 4 ). Superficial foci of adenomyosis have been shown to be more estrogen sensitive than implants deep in the myometrium. 20 Of significance, expression of progesterone receptor (PR)-B is reduced in both eutopic and ectopic endometrium in women with adenomyosis. 10 Mehasseb et al showed decreased ER-a and PR expression, but increased ER-b expression, in the adenomyotic compared to that of the normal endometrium, suggesting an explanation for the resistance of the condition to progestational agents. 21 The fact that all of our samples were biopsied in the proliferative phase may provide an explanation to why PR did not come up among dysregulated genes in our study. Another dysregulated gene also involved in ER signaling is gene regulated in breast cancer 1, a chromatinbound ER coactivator essential for ER-mediated transcription by stabilizing interactions between ER and additional cofactors. 22, 23 Interestingly, while herein it was almost 3-fold downregulated, it was upregulated in ectopic endometriotic lesions. 24 Figure 2 . Heatmap representation of relative expression levels of genes in the endometrium of subjects with adenomyosis in comparison to controls, using the profiles of significantly regulated genes. Yellow ¼ no difference in gene expression, blue ¼ downregulated genes, red ¼ upregulated genes. Each horizontal row represents a single sample, and each vertical line represents a single gene. Leyendecker et al postulated that ectopic diseases of the endometrium result in part from the physiological mechanism of ''tissue injury and repair'' involving local estrogen production in an estrogen-sensitive environment. 25 Activity of aromatase and estrone sulfatase has been identified in both eutopic and ectopic endometrium of women with adenomyosis. 26 Chen et al postulated that estradiol may stimulate epithelialmesenchymal transition of cells with invasive properties, 27 and serum estradiol levels negatively correlated with E-cadherin expression in both eutopic and ectopic endometrium. In that study, raloxifene inhibited estrogen-dependent persistence and growth of xenotransplanted eutopic or ectopic endometrium from patients with adenomyosis in ovariectomized, severe combined immunodeficient mice. Recent data indicate that estrogen promotes angiogenesis in endometrium by activating the slug-vascular endothelial growth factor axis in endometrial stromal cells. 28 The activation of ER signaling pathway in the current study supports the previous research while warranting more functional studies on this matter.
MicroRNA
Several miRNAs were upregulated in the current study, namely, miR-9 -1, -139, -149, -197, -326, and -339. To the best of our knowledge, there are no published data on endometrial miRNA expression and involvement in adenomyosis. Adenomyosis was observed histologically in uteri in a murine knockout model of Dicer, a ribonuclease required for miRNA biosynthesis, indicating that miRNA have an important role in adenomyosis. 29 MicroRNAs have been extensively studied in other uterine pathologies, for example, endometriosis and fibroids. [30] [31] [32] An earlier study demonstrated dysregulation of miR-9 and miR-34 miRNA families in eutopic, early secretory endometrial tissue from women with endometriosis. 33 The Table 5 . Molecular Networks Regulated in Proliferative Phase Endometrium in Women With Adenomyosis Versus Healthy Controls. Focus  Molecules Top Diseases and Functions   26s proteasome, APOBEC3G, caspase, CREBBP, EP300, GCLC,  GSTP1, HIPK1, HIPK2, HNRNPC, HUWE1, IFITM3, IGFBP7,  KMT2A, LTBP1, mir-145, MSH6, NUMB, PCGF2, PLAUR, PP2A,  PRPF8, REST, RPS7, SAP130, SIN3A, Smad2/3, SMARCA4,  SOX4, SYVN1, TEAD2, TGS1, TP53, UBL5, WWTR1   35  31  Connective tissue disorders, developmental disorder,  and neurological disease   14-3-3, Actin, ALDH1A1, ANP32A, ATXN1, CBY1, CD3, CST4,  ECM1, EDN3, ELAVL1, GPI, IFITM1, IHH, KCNIP4, LEF1 dysregulation of endometrial miR-9 in proliferative phase of women with adenomyosis herein suggests its involvement in gene expression regulation in the pathobiology of this disorder. Dysregulation of miR-9 has been implicated in several human malignancies and is thought to be involved in the migration and proliferation of different cell types. 34 Further studies are warranted to explore the role of miRNA in the pathogenesis and pathophysiology of adenomyosis.
Molecules in Network Score
Apoptosis and Proliferation
Herein, we found that apoptosis pathway was significantly dysregulated in endometrium of women with adenomyosis, compared to controls ( Table 4 ). The most downregulated gene in our study, RPL14, is a RP that regulates casein kinase II (CK2), a protein serine/threonine kinase involved in cell survival, growth, and proliferation. Downregulation of CK2 confirms an earlier report in eutopic endometrium in patients with adenomyosis. 35 Impaired apoptosis and proliferation of the eutopic endometrium are believed to play an important role in the pathogenesis of adenomyosis and endometriosis. 15 Stromal B-cell lymphoma 2 (BCL-2) levels were lower in endometrium of patients with adenomyosis, 36 and endometrial stromal cells from women with adenomyosis proliferate more rapidly than controls, cultured alone or in the presence of estradiol, medroxyprogesterone acetate, interleukin 6, or interferon g. 8 Apoptosis was one of the top significantly regulated networks in the global gene expression analysis of adenomyosis versus uterine fibroid or control samples, as mentioned earlier. 14 We additionally observed dysregulation of mTOR signaling in proliferative eutopic endometrium from women with adenomyosis. The mTOR is a serine/threonine protein kinase that regulates cell proliferation and survival, which is upregulated in endometriosis. 37, 38 Dysregulation of mTOR is noted in human malignancies inhibitors of mTOR are currently in development and clinical investigation as novel anticancer agents. [39] [40] [41] [42] Induction of apoptoptic pathways may be a therapeutic target for endometrial dysfunction in women with symptomatic adenomyosis. Currently existing therapy with GnRHas has been demonstrated to act in part through induction of apoptosis in eutopic and ectopic endometrium in women with adenomyosis. 43 
Dysregulation of Genes Involved in ECM Function
Prior studies suggest that the endometrium of women with adenomyosis may have an enhanced predisposition for invasiveness. 2, 44 One of the most downregulated genes in our array study, validated by QRT-PCR, was MMP7, a member of the MMP family of enzymes that participate in ECM remodeling in endometrium, accompanying proliferation, and at the time of tissue desquamation. 45 A band of smooth muscle and ECM creates a barrier between the endometrium and the myometrium, 46 and cell invasion is mediated by interaction of adhesion receptors with ECM proteins. 47, 48 While MMP7 was downregulated herein, others have reported upregulation of genes for other MMPs, MMP2, MMP3, and MMP9, in eutopic endometrium from patients with adenomyosis, compared to the controls. 49, 50 The MMP2 messenger RNA (mRNA) was more highly expressed in the proliferative compared to the secretory phase, suggesting a higher propensity for invasion in an estrogen-dominant milieu. Lysyl oxidase was one of the most highly downregulated genes herein. It encodes an extracellular copper enzyme that initiates crosslinking of collagens and elastin. In addition to crosslinking ECM proteins, LOX may have a role in tumor suppression as well as being involved in the embryoendometrial cross talk. 51 A less rigid ECM in the eutopic endometrium may enable enhanced endometrial cell migration to the endomyometrial junction. Another gene relevant to endometrial tissue integrity that was downregulated was gap junction protein a 1, important in connexin 43 functionality. This finding supports an earlier report of decreased connexin 43 function in eutopic endometrium of women with adenomyosis compared to controls. 52, 53 Interestingly, in our study, mRNA for VCAN, a major ECM component, was significantly downregulated in eutopic endometrium of patients with adenomyosis. This is in contrast to its overexpression in endometrial stromal cells and endometrial tissue from women with moderate and severe endometriosis, 54 suggesting presence of molecular differences between these 2 diseases of ectopic endometrial location.
Study Limitations
The primary limitation of our study relates to the small sample size. As other investigators have noted (see subsequently), the high prevalence of other uterine pathologies with adenomyosis makes it difficult to obtain significant numbers of tissue specimens from patients free of confounding pathologies or hormonal exposures. In one study, leiomyoma was found in 50% of patients with adenomyosis. 55 The association of endometriosis has been variably reported from 27 to as high as 90% of patients with adenomyosis. [56] [57] [58] For this reason, our sample size, even drawing from a large multisite tissue bank, was limited. 59 Also, samples analyzed herein were from the proliferative phase, and key pathways and gene dysregulation in the secretory phase may add additional insights into endometrial abnormalities in the pathogenesis of adenomyosis. It is also plausible that gene expression in adenomyosis is different in early stages than later stages of the disease as has been shown for endometriosis. 54 In addition, all of our adenomyosis samples were obtained from black women, whereas control group was comprised of women of other races. Whether this has a significant impact on the data is unclear.
Conclusion
This study presents the first genome-wide gene expression profile of eutopic endometrium of patients with clinical adenomyosis without confounders of other uterine or pelvic pathologies in the adenomyosis or the control groups. The results support prior focal studies that reveal fundamental abnormalities in eutopic endometrium in patients with adenomyosis. The implications and biological significance of the differentially expressed genes and altered pathways provide a platform for further investigation to elucidate the mechanisms and improve the molecular understanding of this complex disorder.
